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 Experimental data for adiabatic frictional pressure drop in a single 
microchannel. 
 Characteristic dimension discussion to evaluate pressure drop 
inside microchannels. 
 Parametric analysis and comparison of the data with predictive 
methods.  
 Proposition of a new predictive method for two-phase pressure 
drop.  








An investigation was conducted on the effects of fluid refrigerant and channel 
geometry on the frictional pressure drop during two-phase flow inside microchannels. 
Experimental results for two-phase frictional pressure drop were obtained for the 
refrigerants R134a, R1234ze(E), R1234yf and R600a in a circular channel and for 
R134a in square and triangular channels. The experiments were performed for mass 




, saturation temperatures of 31 and 41°C, and 
vapor qualities from 0.05 to 0.95. The experimental data have been analyzed focusing 
on the effects of the geometry and fluid on the two-phase pressure drop. Then, the data 
were compared with the most quoted predictive methods from literature. Based on the 
broad database obtained, a new method for prediction of the two-phase frictional 
pressure drop was proposed. The new method provided accurate predictions of the 
database, predicting 89% of the results within an error band ±20%.  
 
Keywords: two-phase flow, geometry effect, pressure drop, convective boiling, 
microchannels 
  




A Area, m². Subscripts 
CC Area ratio vena contracta, dimensionless. 1ϕ Single-phase 
dp/dz Pressure drop gradient, kPa m
-1
 2ϕ Two-phase 
D Diameter, m. Ac Accelerational. 
f Friction factor, dimensionless. con Contraction 




. exp Expansion 
i Enthalpy, J kg
-1
. Eq Equivalent 
K 
Singular pressure drop coefficient, 
dimensionless. 
f Frictional 
k Momentum correction factor, dimensionless. in Inlet 
L Length, m. int Internal 
M Mass flow rate, kg s
-1
. I Irreversible 
p Pressure, kPa. H Hydraulic 
P Electrical power, W. L Liquid  
Ra Arithmetic mean roughness, µm. L0 Two-phase mixture as liquid  
Re Reynolds number, dimensionless. G Vapor 
Rt Maximum roughness height, µm. LG 
Difference between vapor and 
liquid properties 
x Vapor quality, dimensionless. G0 Two-phase mixture as vapor 
z Position along the tube, m. out Outlet 
Greek letters ph Pre-heater 
α Void fraction, dimensionless. pred Predicted 
β Energy momentum coefficient, dimensionless R Reversible 
η 
Parcel of data predicted within a certain error 
band, %. 
sat Saturation 
λ Empirical coefficient, dimensionless. ts Test section. 
µ Dynamic viscosity, Pa.s. vs Visualization section 
ρ Density, kg/m³.   
ς 




Area ratio of contraction/expansion, 
dimensionless. 
  
ω Empirical coefficient, dimensionless.   
 
  




In the last years, several experimental studies concerning two-phase pressure 
drop were performed and, as consequence, new predictive methods were proposed with 
most of them based on restricted experimental databases. However, as pointed out by 
Ribatski (2013), there are still differences among data from independent laboratories 
that can be related to several aspects, e.g. different surface roughness, channel 
dimension uncertainties, channels obstructions, inappropriate data reduction procedures 
and the presence of thermal instabilities (see also Ribatski et al. (2007)).  
According to the comprehensive literature review by Tibiriçá and Ribatski 
(2013), almost 97% of the studies concerning single-channels were performed for 
circular cross sections, especially, due to the easiness to obtain them in the market in 
different diameters. However, the two-phase flow behavior in a circular microchannel 
may be significantly different than for non-circular cross-sectional geometries (square, 
rectangular, triangular, etc.) due to factors like aspect ratio and a possible accumulation 
of liquid in the corners with the subsequent decreasing of the liquid film thickness in the 
region between consecutive vertices. It is also important to emphasize that the 
characteristic dimension of the channel that should be adopted to predict frictional 
pressure drop during two-phase flows in non-circular channels is still not clear in the 
literature. 
Microchannel array heat sinks evaluated in the literature are generally formed by 
rectangular microchannels. This fact is evidenced by the study of Tibiriçá and Ribatski 
(2013). According to these authors, 87% of studies concerning multi-channels 
configurations were performed for rectangular cross sections covering a wide range of 
aspect ratios and only 9% for triangular cross sections. It is important to mention that 
experimental data for pressure drop in microchannel arrays may be affected by 
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instabilities, local restrictions, maldistribution and back flow, just to name a few effects. 
Therefore, all these phenomena that are typical of the array geometry make difficult to 
isolate the frictional pressure drop caused by the two-phase flow along the channel. For 
this reason, the present authors believe that pressure drop experimental data obtained for 
microchannel arrays are not suitable to be used in the development of predictive method 
with generic claims. 
It should be mentioned that the majority of studies concerning the evaluation of 
the two-phase pressure drop in small diameter channels was performed for HFC 
refrigerants (see Kim and Mudawar (2014)). In 1997, the Kyoto Protocol has 
established the gradual replacement of HFCs by refrigerants with global warming 
potential (GWP) less than 150. In this context, a new demand was generated for fluids 
that could substitute the HFCs. According to Calm (2008) and Mota-Babiloni et al. 
(2014), the potential substitutes for HFCs are natural refrigerants (hydrocarbons, CO2 
and ammonia), hydrofluoroolefins (HFOs) and mixtures of HFCs and HFOs.  
In the last few years, some studies concerning natural refrigerants and HFOs 
were reported in the literature. However, the majority of these studies were performed 
for macro-scale channels (D>3mm). Moreover, it is still not clear if the predictive 
methods available in the literature are capable to predict pressure drop and the HTC of 
these fluids. Table 1 describes studies from literature concerning the evaluation of two-
phase pressure drop of low GWP refrigerants in micro-scale channels. Pamitran et al. 
(2010), Wu et al. (2011) and Huang et al. (2016) obtained results for pressure drop 
under flow boiling conditions. Among 11 methods evaluated by them, Pamitran et al. 
(2010) found that the homogeneous model with the two-phase viscosity given by 
Beattie and Whalley (1982) provides the best predictions of their data. Instead, Huang et 
al. (2016) pointed out the predictive method of Kim and Mudawar (2012) as the most 
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accurate one. Pamitran et al. (2010), Huang et al. (2016), Ducoulombier et al. (2011) 
and Del Col et al. (2013) proposed new predictive methods based on their experimental 
data. The predictive method developed by Del Col et al. (2013) predicted reasonably 
well the data presented by Del Col et al. (2013, 2014, 2015). It is important to notice in 
Table 1 that only one study was performed for the refrigerants R1234yf and R1234ze(E) 
in single microchannels. It should be also highlighted that according to the best of the 
author’s knowledge, experimental studies on pressure drop in micro-scale channels for 
isobutane are not available in the open literature. 
 
The aspects above mentioned indicate the need of performing careful 
experiments and obtaining accurate data for a wide range of cross-sectional geometries 
and fluids in order to support the development of accurate predictive methods. In this 
context, the present paper concerns an experimental investigation on the effect of 
channel geometry and working fluid on the two-phase frictional pressure drop gradient 
under adiabatic conditions. The experiments were performed for horizontal single-
channels. Two-phase frictional pressure drop data were obtained for the fluids R134a, 
R1234ze(E), R1234yf and R600a in a circular channel. Data for R134a were also 
obtained for square and triangular channels. Focusing on maximizing the number of 
channels and, consequently the effective heat transfer area, keeping the volume of a 3-D 
heat sink, the evaluated channels presents the same external perimeter and, therefore, 
different equivalent diameters of 1.1, 0.977 and 0.835 mm for circular, square and 
triangular cross-sectional geometries, respectively. Experiments were performed for 




, saturation temperatures of 31 and 
41°C and vapor qualities from 0.05 to 0.95. The experimental results were compared 
against the most quoted predictive methods from literature, including the homogeneous 
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model, methods developed for macro-scale channels and methods specially developed 
for micro-scale channels. Additionally, a new predictive method was proposed based on 
the broad experimental database obtained and analyzed in the present study. The new 
predictive method was not only able to predict accurately the experimental results, but 
also to capture the main behaviors of the data obtained in the present study and to 
provide accurate predictions of independent databases from the open literature. 
2. EXPERIMENTAL APPARATUS  
2.1 General description 
The experimental setup is comprised of refrigerant and water circuits. The water 
circuit is intended to condense and subcool the working fluid. The refrigerant circuit is 
schematically shown in Fig. 1. In the refrigerant circuit, the test fluid is driven by a self-
lubricating oil-free micropump through the circuit. The liquid flow rate is set by a 
frequency inverter acting on the micropump. Downstream the micropump, the mass 
flow rate is measured with a Coriolis flow meter. Just upstream the pre-heater, the fluid 
inlet conditions are determined by a thermocouple and an absolute pressure transducer. 
Downstream the test section, a visualization section, a tube-in-tube heat exchanger, and 
a refrigerant tank are sequentially located. The heat exchanger is responsible for 
condensing the vapor created in the heated sections. Additional details of the 
experimental set up can be found in Tibiriçá and Ribatski (2010) and Sempértegui-
Tapia et al. (2013). 
 
2.2 Pre-heater and test section 
For the experimental tests in a circular cross-sectional channel, the pre-heater 
and the test section are formed by a 490 mm horizontal AISI-304 stainless-steel tube, 
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acquired from Goofellow Cambridge Limited, with an OD of 1.47 mm and an ID of 1.1 
mm. The arithmetical mean roughness of the circular test section was measured with the 
optical profiling system Wiko® NT1100 equipment, and a mean average surface 
roughness (Ra) of 0.289 µm was found based on three measurements along the test 
section length. Figure 2 shows an image of the inner surface of the test section and the 
roughness profile obtained through the measurements. 
 
The pre-heater section (diabatic) is 200 mm long and the test section (adiabatic) 
is 270 mm long. The pre-heater section is heated by applying direct DC current to their 
surface. The pre-heater and the test section are thermally insulated. The power is 
supplied to the pre-heater section by a DC power source controlled from the data 
acquisition system. The pre-heater and the test and visualization sections are connected 
through junctions made of polyvinylidene fluoride (PVDF) specially designed and 
machined to match up their ends and keep a smooth and continuous internal surface. 
Once the fluid has left the test section, its temperature is determined from a 0.25 mm 
thermocouple whose hot junction is flush-mounted into the pipe wall. The 
corresponding absolute pressure is estimated from the inlet absolute pressure and the 
total pressure drop over the pre-heater inlet and the test section outlet given by a 
differential pressure transducer, Δp. A detailed scheme of the pre-heater and the circular 
test section is shown in Fig. 3a. 
 
For tests with non-circular channels (see Fig. 3b) a parcel of the length of the 
test section (190 mm) originally with circular shape was molded into square and 
triangular shapes. The segments of the test section with triangular and square shapes 
were obtained through a process of progressive conformation using a steel matrix 
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composed of two-block with grooves designed especially for each cross section. A 
uniform compressive stress of approximately 10 tons was provided to the matrix in 
order to get the desired shape. The inner surface roughness of the test sections were also 
evaluated after the conformation process. The cross-sectional area of the square and 
triangular channels were estimated through the image processing of the profiles shown 
in Fig. 4a and b, respectively, using the software MATLAB R2010a.  
 
Table 2 shows the geometrical characteristics of the test sections evaluated in the 
present study. This table reveals significant differences of the arithmetic mean 
roughness of the test sections. 
 
For non-circular channels, the sudden changes of shape from circular into non-
circular, and vice versa, are associated to contraction and expansion of the channel cross 
section. The test sections and the pre-heater are 190 and 200 mm long, respectively. 
Thermocouples were attached 5 mm downstream the sudden contraction and 5 mm 
upstream the sudden expansion (necessary distance to minimize the effects of the 
sudden contraction and expansion on the thermocouples measurements). The 
thermocouples were fixed tightly against the tube surface. A detailed scheme illustrating 
the assembly of the non-circular test sections and the pre-heater is shown in Fig. 3b.  
2.3 Experimental conditions  
Table 3 shows the experimental conditions run in the present study. 
Experimental tests under conditions of higher mass velocities for R1234ze(E) and 
R1234yf were not possible due to restrictions imposed to the refrigerant circuit by  
reduced amount of the fluid available. On the other hand, the mass velocity range for 
R600a was restricted by the presence of flow instabilities for mass velocities higher than 
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500 kg/m²s. The vapor quality values shown in Table 3 are the arithmetic average 
between the vapor quality at the inlet and outlet of the test section (see Eq. (5)), which 
are practically similar considering that the tests were performed for adiabatic conditions. 
During the experiments, the saturation temperature was always set at the end of the test 
section regardless of the cross-sectional geometry. 
 
3. DATA REDUCTION, EXPERIMENTAL VALIDATION AND 
UNCERTAINTIES 
3.1 Data reduction 
3.1.1 Mass velocity 
Mass velocity was calculated as the ratio between the mass flow rate measured 
by the Coriolis mass flow meter and the internal cross sectional area of the tube, 





                  (1) 








                  (2) 
The cross-sectional area of non-circular channels were estimated through the 
image processing of the test section images illustrated in Fig. 4, as previously 
mentioned.  
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3.1.2 Vapor quality 
The vapor qualities at the inlet and outlet of the test section were determined 
through energy balances over the pre-heater and test section according to the following 
equations, respectively: 
 , , , , ,
, ,
1 ph






   
 
             (3) 
 , , , , ,
, ,
1 ph






   
 
             (4) 
where iL,ph,in is the enthalpy of the liquid at the inlet of the pre-heater, iL,ts,in and iLG,ts,in 
are the enthalpy of the saturated liquid and the latent heat of vaporization corresponding 
to the saturation temperature at the inlet of the test section, Tts,in, respectively. While, 
iL,ts,out and iLG,ts,out are the enthalpy of the saturated liquid and the latent heat of 
vaporization estimated based on the saturation temperature at the outlet of the test 
section, Tts,out, respectively. 
The average vapor quality along the test section was estimated as follows: 
, ,
2





                 (5) 
3.1.3 Single phase frictional pressure drop 
Single-phase data were used to validate the pressure drop measurements. 
Moreover, an accurate estimation of the single-phase pressure drop is mandatory 
because the data for two-phase frictional pressure drop is obtained by subtracting from 
the total pressure drop, the parcel corresponding to the single-phase flow length. For the 
circular geometry, the single-phase frictional pressure drop is directly measured by the 
differential pressure transducer. 
For square and triangular channels, the pressure drop measured by the 
differential transducer is the sum of the following parcels: the pressure drop along the 
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circular cross-sectional length of the tube, the pressure drop along the non-circular 
cross-sectional part of the tube, and the local pressure loss and recovery caused by the 
sudden contraction and expansion, respectively. Therefore, the total frictional pressure 
drop over the test section and pre-heater length is given by: 
, , expm easured f circ f ts con
p p p p p                      (6) 










p p p K

                     (7) 
where Kexp is the irreversible loss coefficient given as a function of the expansion area 




1 2 2 1
ts A A c
K k k                   (8) 
The momentum correction factor for laminar flow is 1.33, 1.377 and 1.41 for 
circular, triangular and square channel, respectively. These values were estimated using 


















              (9) 
where 
max
v v  are values obtained by Hagen-Pouseuille, Shah and London (1978) and 
Shah (1975) for circular, square and triangular channels, respectively. For turbulent 
flow, the momentum correction factor can be approximated to the unity ( 1ts ck k  ) and 
the Eq. (8) is reduced to the well-known Borda-Carnot correlation. 
According to Kays (1950) the pressure drop due to a sudden contraction can be 
expressed according to: 




c A c c c ts
con
c L





   
   
 
           (10) 
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where Cc is the area ratio of the vena-contracta and c  and tsk  are the energy and 
momentum correction factors, respectively. The energy correction factor is equal to 2 
for laminar flow and 1 for turbulent flow. The area ratio of the vena-contracta can be 














            (11) 
3.1.4 Two-phase frictional pressure drop 
For non-circular channels, the two-phase pressure drop was calculated as the 
difference of saturation pressures estimated based on the wall temperature 
measurements from the thermocouples Tts,in and Tts,out located just downstream and just 
upstream of the inlet and outlet of the test section, respectively, as shown in Fig. 3b. 
Then, the frictional pressure drop gradient was calculated as the ratio between the two-
phase pressure drop minus the accelerational pressure drop and the distance between the 
thermocouples (Lts = 180 mm), as follows: 
   , , ,
,
sat ts in sat ts out ac in out
f ts ts
p T p T pdp
dz L

      
 
 
          (12) 
where              and               are the saturation pressures estimated from the 
temperature measurements and             is the accelerational pressure drop over the 














G out out L out out G in in L in in
x xx x
p G
       

      
        
         
       (13) 
where the subscripts in and out refer to the positions of the thermocouples        and 
,ts out
T , respectively. 
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The superficial void fraction was estimated through the method recently proposed by 
Kanizawa and Ribatski (2015). This new method is based on the principle of 
minimization of energy dissipation, analogous to the procedure initially proposed by 
Zivi (Zivi, 1964). This method was chosen because it provided the best estimation of a 
broad experimental database (more than 3000 data) when compared with previous 
methods available in the literature. The method of Kanizawa and Ribatski (2015) for 
horizontal channels is given as follows: 
1















      
        
     
         (14) 
where 
m










              (15) 
It should be mentioned that the choice of the void fraction prediction method 
does not have significant impact on the estimation of the two-phase frictional pressure 
drop for the non-circular channels, because the accelerational pressure drop is almost 
negligible compared to the frictional pressure drop for an adiabatic test section.  
For the circular channel, the frictional pressure drop over the test section length 
was estimated according to the following equation: 
1 2 , ,ts m easured ph acc ts
p p p p p
 
                    (16) 
where pmeasured is the measured pressure drop by the differential pressure transducer, 
p1 is the single-phase pressure drop, p2,ph is the two-phase pressure drop over the 
pre-heater length and pacc is the accelerational pressure drop comprising the adiabatic 
two-phase flow of the test section. 
The single-phase pressure drop p1  is estimated using a single-phase pressure 
drop correlation and the subcooled region length. The subcooled region length over the 
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pre-heater was calculated by solving simultaneously energy balance, single-phase 
pressure drop equations and an equation of state relating the saturation pressure and the 
saturation temperature from EES. 
The two-phase pressure drop along the pre-heater, 2 , php  , was estimated through 
an iterative process as the sum of the pressure drop over 100 discrete elements 
comprising the beginning of the saturated region at the pre-heater, corresponding the 
end of the single-phase flow region (x=0), and the end of the pre-heater. In this 
procedure, the transport and thermodynamic properties were calculated locally based on 
the average saturation pressure of each element. The accelerational and frictional 
pressure drop parcels along each discrete element were calculated according to Eq. (13) 
and the predictive method developed in the present study. However, for the first 
iteration, the method of Müller-Steinhagen and Heck (1986) was adopted to predict the 
frictional pressure drop parcel. Then, for each iteration a new method for the frictional 
pressure drop was adjusted and a new value for 2 , php   estimated. This procedure was 
repeated until the convergence of the solution characterized by a difference between 





 is achieved. The value of pacc over the test section was estimated based on Eq. (13) 
with the subscripts in and out referring to the position where the two-phase flow begin 
(x=0) and the end of the pre-heater section. It should be mentioned that the use of a 
different method to predict the void fraction would mean less than 4% of difference in 
the estimation of the two-phase pressure drop along the pre-heater, 2 , php  .  
The pressure drop measurements from the differential transducer were not 
considered suitable to estimate the frictional pressure for non-circular tests sections due 
to the presence of singularities (expansion and contraction) along the tube length and 
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the connections with the differential pressure transducer. In the literature, a reasonable 
number of methods developed for macro-scale conditions to predict the pressure drop 
for two-phase flows across sudden expansion and contractions are available. However, 
as pointed out by Abdelall et al. (2005), Chalfi and Ghiaasiaan (2008) and Chen et al. 
(2010), they are not recommended for two-phase flows under micro-scale conditions. 
For this reason, Abdelall et al. (2005), Chen et al. (2010) and more recently Kawahara 
et al. (2015) developed new methods to predict the pressure drop under micro-scale 
conditions for expansion and contraction singularities. Their methods are based on 
experimental data for mixtures of two fluids (water/air, water/N2, HFE-7200/N2 and 
ethanol/N2). Unfortunately, to the best of the author’s knowledge, a method that 
includes in its database results for halocarbon refrigerants is still not available. It is 
important to highlight the fact that the surface tension and liquid-gas density ratios of 
mixtures of non-condensable (air) and water are more than 8 and 15 times higher, 
respectively, than most of halocarbon refrigerants. Therefore, it is improbable that 
methods developed to predict two-phase pressure drop along singularities based on data 
for water/non-condensable gases provide satisfactory predictions of data for halocarbon 
refrigerants. On the other hand, estimating pressure drop results based on temperature 
measurements is suitable only for high two-phase flow velocities because small 
uncertainties of the temperature measurements may imply high uncertainties on the 
pressure drop estimation for conditions of low pressure drops.  
Therefore, the procedure based on the differential pressure drop transducer was 
used to obtain the data for conditions of low mass velocities corresponding to the tests 
with the refrigerants R1234ze(E), R1234yf and R600a and the channel with circular 
geometry (see Table 3). The pressure drop was estimated based on wall temperature 
measurements for the tests under conditions of high mass velocities corresponding to 
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the results obtained for the refrigerant R134a and the channels with triangular and 
square cross-sectional geometries.  
In order to check the agreement between both procedures, tests with the 
refrigerant R134a in a circular channel were also run under conditions of intermediary 
and high mass velocities. Then, the frictional pressure drop was estimated from wall 
temperature measurements and from the total pressure drop given by the differential 
pressure transducer. The differences of frictional pressure drop data estimated according 
to both procedures were always lower than 5%, hence, within the experimental 
uncertainty range. 
3.2 Experimental validation 
3.2.1 Single-phase pressure drop 
Experimental tests for single-phase flows were previously performed in order to 
assure the accuracy of the measurements and evaluate the effective rate of heat losses 
and consequently the accuracy of vapor quality estimation. The flow is considered as 
hydrodynamically fully developed at the inlet of the pre-heater section due to the 
existence of a 100 mm long visualization section upstream the pre-heater, as shown in 
Fig. 1. Figure 5 illustrates the single-phase pressure drop results for a circular channel. 
As shown in this figure, the experimental data for laminar flow agree reasonably well 
with the theory (Hagen-Pouseuille). For turbulent flow, the method of Blasius (1913) 
provided accurate predictions of the data, resulting a mean absolute error (MAE) of 
8.1%.  
 
For non-circular channels, the characteristic length is still an open issue in the 
area of fluid dynamics and heat transfer. For engineering purposes, the majority of 
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studies recommends the hydraulic diameter, even though studies for turbulent single-
phase flow reported that this procedure overestimates the friction factor for non-circular 
channels (see Claiborne (1952) and Altemani and Sparrow (1980)). Moreover, it should 
be taken into account the fact that for regular polygons (equilateral triangle, square 
channel, etc.); the hydraulic diameter identifies the diameter of the inscribed circle. 
Therefore, the use of the hydraulic diameter neglects secondary flows and assumes the 
presence of overstated laminar layers outside the inscribed circle. In order to capture the 
effect of the cross-sectional dimensions of the channel on the friction factor, Jones Jr. 
(1976) proposed a modification of the hydraulic diameter by including a factor as a 
function of the aspect ratio to ensure similarity between the predictions given by 
circular duct methods with experimental data for rectangular channels. Ahmed and 
Brundrett (1971) proposed a new characteristic length for regular polygonal channels as 
the sum of the highest and the lowest isovels, for a square channel 2 / 2a  and / 2a , 
respectively, with a  being the side length of the channel. Bandopadhayay and Ambrose 
(1980) also proposed a new generalized characteristic length dimension for non-circular 
channels, defined as the average distance of the wall channel from the position of 
maximum velocity. Bahrami et al. (2006) recommended the use of the square root of the 
channel cross-sectional area, A , as the characteristic length for non-circular channels 
instead of the hydraulic diameter. Based on this characteristic length, Bahrami et al. 
(2006) proposed new equations for the analytical solutions for laminar flow considering 
a Reynolds number having A  as its characteristic length. Duan et al. (2012) also show 
that the square root of the area, as the length dimension, yields to excellent concordance 
between experimental data for non-circular channels and the proposed correlations for 
circular ducts with an easily-done recast using A  as the characteristic length scale. 
Taking into account this context, it was decided to use the equivalent diameter as the 
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length dimension, parameter directly related to the square root of the area (
4
eq
D A  ), avoiding the adaptation of the correlation for circular ducts for 
turbulent flow. 
Shah and London (1978) proposed an analytical solution for the friction factor  
for developed laminar flows inside rectangular channels given as follows: 







        
         (17) 
where  is the aspect ratio of the rectangular channel and ReDeq is the Reynolds number 
based on the equivalent diameter. 
For equilateral triangular duct with 3 rounded corners, Shah (1975), based on the 









                (18) 
Figure 6 illustrates the experimental single-phase pressure drop for the 
refrigerant R134a in a square channel. As shown in this figure, the solution for laminar 
flow of Shah and London (1978) agrees quite well with the experimental data, providing 
a mean absolute error lower than 3%. For turbulent flow, the correlations of Blasius 
(1913) and Petukhov (1970) using the equivalent diameter works relatively well, giving 
MAEs of 13.1, 15.4 %, respectively.  
 
Figure 7 illustrates the experimental single-phase pressure drop for the 
refrigerant R134a in a triangular channel. For laminar flow, it can be observed that the 
correlation presented by Shah (1975) predicts reasonably well the experimental data, 
providing a mean absolute error lower than 7%. For turbulent flow, the methods of 
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Blasius (1913) and Petukhov (1970) are able of predicting precisely the experimental 
data, resulting mean absolute errors lower than 8%. The flow was considered to be fully 
developed since there is more than 250D  between the inlet of the preheater and the 
beginning of the non-circular test section. It is important highlighting that the sum of the 
pressure drop due to the test section contraction and the pressure recovery due to the test 
section expansion varies from 0.04 to 3.4% of the total pressure drop for non-circular 
channels. Therefore, their estimation could have been neglected. 
 
As observed, for turbulent flow, the single-phase pressure drop correlations 
developed for circular channels works accurately for the experimental data for the 4 
working fluids (R134a, R1234ze(E), R1234yf and R600a) and also for the non-circular 
tests using the equivalent diameter as the characteristic dimension. For laminar flow in 
non-circular channels, the adaptation to the laminar theory as indicated in Eqs. (17) and 
(18) also provided reasonable predictions. 
3.2.2 Single-phase heat transfer coefficient 
Heat transfer coefficients for single-phase flows are also analyzed here in order 
of validating energy balances along the pre-heater and the test sections. The single-
phase heat transfer coefficient was estimated using the last thermocouple in order to get 
a thermally fully developed condition. Figure 8 illustrates a comparison of experimental 
and estimated values for single-phase heat transfer coefficients. As noted in this figure, 
the correlation for laminar, thermally developing flow of Siegel et al. (1958), 
Chandrupatla and Sastri (1977) and Wibulswas (1966) capture adequately the 
experimental data for circular, square and triangular channels, respectively. However, 
these correlations underestimate the experimental values in around 20%. For turbulent 
flow, the correlation of Gnielinski (1976) agrees quite well with the experimental values 
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for circular channel, independently of the refrigerant. For the square channel, the 
correlation of Gnielinski (1976) also predicts reasonably well the experimental values, 
however, for the triangular channel the correlation under predicts the experimental data 
especially for high Reynolds number. It can also be observed that the experimental 
transition from laminar to turbulent flow seems to occur for a Reynolds number 
between 2000 and 2500 approximately that agrees with the theory.  
 
3.3 Uncertainties analysis 
Temperature measurements were calibrated and the temperature uncertainty was 
evaluated according to the procedure suggested by Abernethy et al.(1973). Accounting 
for all instrument errors, uncertainties for the calculated parameter were estimated using 
the method of sequential perturbation according to Taylor and Kuyatt (1994). All the 
experimental uncertainties associated with the sensors and calculated parameters are 
listed in Table 4. 
 
4. EXPERIMENTAL RESULTS  
4.1 Two-phase frictional pressure drop 
As qualitative general behavior, the pressure drop increases with increasing the 
vapor quality until a maximum value is attained at high vapor qualities. After this 
pressure drop peak, further increments of vapor quality result in a pressure drop 
decrease. The vapor quality corresponding to the peak varies according to the channel 
geometry, fluid, saturation temperature, and channel characteristic dimension, as 
pointed out by Ribatski (2014). 
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4.1.1 Effect of working fluid 
Figure 9 illustrates the effect of the working fluid on the two-phase pressure 
drop gradient. As observed, the pressure drop gradient is higher for R600a when 
compared with R1234ze(E), R1234yf and R134a. This behavior is explained by the fact 
that the specific volume of the gas phase for R600a is about 3 to 4.5 times higher than 
for the other fluids. This implies much higher superficial velocity of the two-phase 
mixture for R600a, and, consequently, higher pressure drop gradients. According to Fig. 
9a, the pressure drop gradient of R134a and R1234yf are almost similar, except for high 
vapor qualities where the pressure drop gradient for the fluid R134a is slightly higher. It 
can also be observed that the pressure drop gradient of R1234ze(E) is approximately 
25% higher when compared to the pressure drop gradient of R134a. The pressure drop 
peak for R600a seems to occur for lower vapor qualities compared to the other fluids. 
 
 
4.1.2 Effect of saturation temperature 
Figure 10 illustrates the effect of saturation temperature on the frictional 
pressure drop gradient during adiabatic flow. As expected, the frictional pressure drop 
decreases with increasing saturation temperature from 31°C to 41°C for R134a. The 
same effect of the saturation temperature on the pressure drop was verified for R600a in 
a circular channel (Fig. 10b). The vapor quality corresponding to the pressure drop peak 
is shifted to lower vapor qualities with decreasing the saturation temperature. This 
behavior is intensified for R600a. 
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4.1.3 Effect of mass velocity 
Figure 11 illustrates the effect of the mass velocity on the two-phase pressure 
drop gradient. As observed in this figure, the pressure drop increases with increasing the 
mass velocity. An analysis of the experimental data for circular and square channels 
(Fig. 11a and 11b) reveals that the pressure gradient peak moves to lower vapor 
qualities with increasing mass velocity. This behavior seems to be negligible according 
to the experimental data for triangular channel shown in Fig. 11c. 
 
4.1.4 Effect of the cross-sectional geometry 
Figure 12a illustrates the effect of the cross-sectional geometry on the two-phase 
pressure drop gradient for the channels evaluated in the present study. Figure 12b shows 
for two different mass velocities the variation with vapor quality of the ratio of pressure 
drop for non-circular and circular channels under the same experimental conditions. The 
highest pressure drop gradients are observed for the triangular geometry. The square 
channel also provides pressure drop gradients higher than the circular channel. This 
result is partially explained by the size of the equivalent diameters that increases 
according to the following order of geometries: triangular, square and circular. 
 
In general, according to Fig. 12b, the ratio (dp/dz)non-circ/(dp/dz)circ decreases with 
increasing mass velocity, passing through a minimum value at a vapor quality close to 
0.7. Curiously, the ratio (dp/dz)non-circ/(dp/dz)circ is affected, by a variation of 100% in 
the mass velocity, only marginally for most of the vapor quality range. 
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4.2 Assessment of predictive methods 
Table 5 provides the mean absolute error (MAE) and the parcel of data predicted 
within an error band of ±20 % (η) obtained from comparisons between eleven methods 
from literature and the experimental database gathered in the present study. Results of 
comparisons are presented for the overall database and for each dataset characterized by 
the pair: channel geometry and fluid refrigerant. The predictive methods were evaluated 
using the characteristic dimension recommended by the original authors. For the 
methods that do not specify the characteristic dimension and were developed based only 
on results for circular channels, the equivalent diameter was used based on the 
discussion presented in the Section 3.2. The predictive methods presented in Table 5 
were considered based on the following criteria: (i) the most quoted predictive methods 
in the literature; (ii) predictive methods based on broad experimental databases, iii) 
updated versions of well-known predictions methods, i.e. Zhang et al. (2010) instead of 
Mishima and Hibiki (1996) or Del Col et al. (2013) instead of Cavallini et al. (2009). 
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For the comparisons involving the overall database, the method of Müller-
Steinhagen and Heck (1986), Del Col et al. (2013) and Friedel (1979) provided the best 
results, predicting more than 55% of the experimental data within an error band of 
±20%. The methods of Sun and Mishima (2009) and Kim and Mudawar (2012) 
provided  predictions with almost the same accuracy, giving a mean absolute error of 
19.6%. The homogenous model using the two-phase viscosity according to Cicchitti et 
al. (1960) performed relatively well providing a MAE of approximately 20%. The 
methods of Muller-Steinhagen and Heck (1986), Kim and Mudawar (2012) and Sun and 
Mishima (2009) were also indicated as the best by Kim and Mudawar (2014), based on 
a comparison against a broad database containing more than 7000 experimental results 
gathered in the literature. The homogeneous model with the two-phase viscosity given 
by Dukler et al. (1964), the methods by Lockhart and Martinelli (1949), Zhang et al. 
(2010), Li and Wu (2011) and the phenomenological method proposed by Cioncolini et 
al. (2009) provided MAE values higher than 30% and η lower than 40%. 
The homogeneous model with the two-phase viscosity given by Cicchitti et al. 
(1960) provided accurate predictions of the experimental results for R134a, 
independently of the channel geometry. This result is not surprising, because several 
authors have reported that the homogeneous model with the two-phase viscosity given 
by Cicchitti et al. (1960) provides reasonable predictions of their respective databases 
mostly comprised by experimental data for R134a (see Ribatski et al. (2006) and Felcar 
and Ribatski (2008)). On the other hand, Cicchitti et al. (1960) was not satisfactory for 
the low GWP refrigerants (R1234ze(E) and R1234yf) and the isobutane (R600a), 
predicting less than 20% within an error band of ±20%. 
The method of Müller-Steinhagen and Heck (1986) provided accurate 
predictions of the circular and square databases for refrigerant R134a. The experimental 
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results for circular channel and the fluids R1234ze(E) and R600a are also satisfactorily 
predicted by this method. On the other hand, the method of Müller-Steinhagen and 
Heck (Müller-Steinhagen and Heck, 1986) failed to predict the experimental data for 
triangular channel/R134a and R1234yf, providing mean absolute errors of 26.1 and 21.9 
%, respectively. 
The methods of Friedel (1979) and Del Col et al. (2013) provided relatively 
accurate results for circular and square channels with R134a, but failed to predict the 
data for triangular channel and the experimental dataset for the fluid R1234yf. It is 
worth to mention that the method of Del Col et al. (2013) was developed for small 
diameter channels and takes into account the relative roughness of the channel. The 
method of Del Col et al. (2013) was developed based on the correlation proposed by 
Friedel (1979) for conventional channels. Therefore, it is not surprising that both 
methods provided almost similar predictions for the R134a. However, the method by 
Del Col et al. (2013) improves substantially the predictions given by Friedel (1979) for 
R1234ze(E) and R600a, providing η values higher than 80%. 
The methods of Sun and Mishima (2009) and Kim and Mudawar (2012) works 
relatively well for the experimental data of R134a, providing MAE values lower than 
20% regardless of the cross-sectional geometry. However, both methods failed to 
predict the experimental data for R1234ze(E), R1234yf and R600a. This result could be 
explained by the fact that neither Sun and Mishima (2009) nor Kim and Mudawar 
(2012) included these fluids in the experimental database used to develop their methods. 
It can be noted in Table 5 that the method developed by Zhang et al. (2010) does 
not provide reasonable predictions of the experimental database, regardless of the 
working fluid and cross-sectional geometry. This result is probably explained by the 
fact that the method is not recommended for both phases being turbulent and 34% of the 
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experimental data obtained in the present study are for conditions with both phases as 
turbulent. The phenomenological model developed by Cioncolini et al. (2009) for 
annular flow pattern also failed to predict the experimental database, providing mean 
absolute errors higher than 33%. The homogeneous model with the two-phase viscosity 
given by Dukler et al. (1964), the methods by Lockhart and Martinelli (1949) and Li 
and Wu (2011) were not able of providing reasonable predictions of the datasets 
acquired in the present study. 
Figure 13 illustrates comparisons between the experimental database segregated 
according to the working fluid and the methods developed by Müller-Steinhagen and 
Heck (1986), Kim and Mudawar (2012), Del Col et al. (2013) and Sun e Mishima 
(2009). According to this figure, the four methods mostly underestimate the 
experimental data for R1234ze(E), R1234yf and R600a, while overestimate the 
experimental data for R134a. It should also be highlighted the fact that these four 




Due to the fact that a predictive method should be not only statistically accurate, 
but also be able of capturing the main trends of the experimental results, Figure 14 and 
15 display the evolution of the two-phase pressure drop gradient with the vapor quality 
according to the predictive methods from literature and the experimental data obtained 
for non-circular and circular channels, respectively. According to Figure 14a, for the 
experimental data for R134a in the square channel, Sun and Mishima (2009) and the 
homogeneous model with the two-phase viscosity given by Cicchitti et al. (1960) 
capture reasonably well the trend of the experimental pressure drop. The methods 
developed by Friedel (1979), Müller-Steinhagen and Heck (1986), Kim and Mudawar 
(2012) and Del Col et al. (2013) work well for low vapor qualities. For the triangular 
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channel (see Fig. 14b and 14c), Sun and Mishima (2009), the homogeneous model with 
the two-phase viscosity given by Cicchitti et al. (1960) and Müller-Steinhagen and Heck 
(1986) capture reasonably well the trend of the experimental pressure drop gradient 
regardless of the mass velocity. 
 
According to Fig. 15a, for R1234ze(E), the methods of Friedel (1979), Del Col 
et al. (2013) and Müller-Steinhagen and Heck (1986) capture the experimental trends 
relatively well. For R1234yf, Friedel (1979) and Müller-Steinhagen and Heck (1986) 
capture relatively well the trend of the experimental pressure drop. As observed in Fig. 
15c, the method developed by Del Col et al. (2013) provides reasonable predictions of 
the experimental trends for the refrigerant R600a. 
 
 
Despite being statistically the most accurate predictive methods for the overall 
database, Müller-Steinhagen and Heck (1986) and Friedel (1979) were not able to 
capture the trends of experimental results for several experimental conditions. As 
previously discussed, Sun and Mishima (2009) and the homogeneous model with the 
two-phase viscosity given by Cicchitti et al. (1960) were able to capture the trends of 
the experimental data for R134a, and Müller-Steinhagen and Heck (1986), Friedel 
(1979) and Del Col et al. (2013) capture the pressure drop trends observed for 
R1234ze(E), R1234yf and R600a.  
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5. DEVELOPMENT OF A NEW PREDICTIVE METHOD 
5.1 Description of the new predictive method 
Due to the fact that none of the predictive methods from literature was able to 
predict accurately the experimental data for all range of conditions evaluated in the 
present study, in this item a new predictive method is proposed. Adopting similar 
approach implemented by Da Silva and Ribatski (2013), the new predictive method is 
based on the proposal of Müller-Steinhagen and Heck (1986) because of its simplicity 
and  reasonable capability of providing reasonable predictions of independent 
experimental databases available in the literature.  
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where the coefficients ω and λ are equal to 2 and 3, respectively. This method was 
developed based on 9313 experimental data for circular conventional channels (tube 
diameters larger than 3 mm). Therefore, it is important to highlight the fact that the 
accuracy of the method of Müller-Steinhagen and Heck (1986) can be improved for the 
experimental conditions considered in the present study including circular and non-
circular small diameter channels. Moreover, the present database includes results for 
new refrigerants (R1234ze(E), R1234yf and R600a). These fluids are not considered in 
the database of Müller-Steinhagen and Heck (1986). Additionally, the new method was 
developed considering a coherent approach by adopting a unique characteristic 
dimension during the data regression procedure and during the adjustment of its 
empirical constants.  
Page 30 of 69
31 
 
Initially, values of ω and λ in Eqs. (19) and (20) were obtained for each set of 
mass velocity condition by a regression analysis through the least squares fitting 
method. By analyzing those values, it was found that ω decreases with increasing the 
mass velocity, while the effect of mass velocity on λ was found almost negligible 
regardless of the experimental condition. Based on these results, the exponent λ was 
assumed constant and the exponent ω a function of the mass velocity. Several fitting 
equation forms were evaluated in order to predict the exponent ω as a function of G. 







           (21) 
where the Reynolds number is calculated with the equivalent diameter as the 
characteristic dimension for non-circular channels. The coefficients a, b  and λ were 
adjusted using the least square method for non-linear equations given by the software 
MATLAB R2015a. Through this procedure, values of a, b  and λ equal to 3.01, -0.00464 
and 2.31 were found, respectively. Table 6 summarizes the process of implementation 
of the new method proposed in the present study. 
  




5.2 Evaluation of the proposed method 
Table 7 lists the mean absolute error, mean relative error and the parcel of data 
predicted within error bands of ±30% and ±20% obtained from the comparisons 
between the experimental database and the new predictive method. As observed in this 
table, for the overall database, the proposed method predicted 97.2% and 89.2 % of the 
experimental data within error bands of ±30% and ±20%, respectively. The new method 
also provides accurate predictions of the particular datasets regardless of the fluid and 
the cross-sectional geometry, providing values of MAE lower than 12% and η20% higher 
than 80%.  
 
Figure 16 illustrates a comparison between the experimental results and the 
predictions given by the new method. According to this figure, the new method is 
accurate, independently of the pressure gradient range and the working fluid. 
 
Figure 17 depicts the parcel of the experimental data predicted within an error 
band of ±20% according to the methods of Müller-Steinhagen and Heck (1986), Kim 
and Mudawar (2012), Del Col et al. (2013) and the new predictive method. In this 
figure, comparisons are performed for the data segregated according to ranges of vapor 
quality and mass velocity. As shown in Fig. 17a for the methods from literature, the 
parcel of data predicted within an error band of ±20% does not vary significantly 
according to the vapor quality range, presenting values between 40 and 60%. On the 
other hand, the method proposed in the present study predicts more than 80% of the 
experimental data within the same error band for vapor qualities higher than 0.2. For 
vapor qualities lower than 0.2, the new method also over performed the methods from 
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literature providing a value of η20% higher than 65%. According to Fig. 17b, the method 
proposed in the present study also provides better predictions than the methods from 
literature independent of the mass velocity range.  
 
As shown in Fig. 18, the new method is able to capture the effects on the 
pressure drop of mass velocity, saturation temperature, working fluid and equivalent 
diameter. Moreover, the method also predicts satisfactorily the experimental trends for 
the four fluids and 3 cross-sectional geometries evaluated in the present study. 
 
In order to check the accuracy of the new method against independent databases 
from literature, experimental data were gathered from the studies of Del Col et 
al.(2013), Ducoulombier et al. (2011), Del Col et al. (2015) and Del Col et al. (2014) 
and compared with the predictions provided by the present method.  
According to Table 8, the new predictive method satisfactorily predicts the 
experimental results of the independent database, providing an overall mean absolute 
error of only 12.7%. It is important to highlight the fact that the new method provides 
satisfactory predictions of the results of the fluids CO2 and propane, which are fluids not 
included in the database used for the adjustment of the new method. 
 
6. CONCLUSIONS 
The following remarks summarize the conclusions of the present investigation: 
 A broad experimental database for two-phase frictional pressure drop in a single 
micro-scale channel was obtained. The experimental database comprises 1468 
experimental data points and covers 4 working fluids (R134a, R1234ze(E), R1234yf 
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and R600a), three cross-sectional geometries (circular, square and triangular 




, saturation temperatures of 31 
and 41°C, vapor qualities from 0 to 0.95 and internal equivalent diameters of 1.1, 
0.977 and 0.835 mm. 
 An analysis concerning the characteristic dimension for non-circular channels was 
performed. Based on this analysis, it was addressed that although the hydraulic 
diameter is frequently applied, its use is questionable. Furthermore, it was verified 
experimentally that the correlations for single-phase frictional pressure drop in 
turbulent flow for a circular channel also worked for non-circular channels when the 
equivalent diameter was used as the characteristic dimension.  
 From a parametric analysis of the experimental results, it can be concluded that the 
two-phase frictional pressure drop for R600a is higher compared to the other fluids. 
Moreover, the two-phase frictional pressure drop gradient of R1234ze(E) is higher 
than of R134a and R1234yf, which happen to be almost similar except under high 
vapor quality conditions. 
 The two-phase frictional pressure gradient increases with increasing mass velocity. 
The frictional pressure drop gradient presents a peak, which moves to lower vapor 
qualities with increasing mass velocities for square and circular channels. The 
frictional pressure drop gradient decreases with increasing saturation temperature. 
Highest pressure drop gradients were observed for the triangular channel followed 
by square and circular geometries. This result is partially explained by the size of 
the equivalent diameters. 
 The methods of Del Col et al. (2013), Müller-Steinhagen and Heck (1986), Friedel 
(1979), Sun and Mishima (2009) and Kim and Mudawar (2012) provided relatively 
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reasonable predictions of the experimental database. However, they failed to predict 
particular datasets characterized by the pair fluid refrigerant and channel geometry.  
 A new predictive method based on Müller-Steinhagen and Heck (2012) was 
proposed. This method provided accurate predictions of the experimental database 
used for its development, predicting 97.1% and 89.2% of the data within error bands 
of ±30 and ±20%, respectively. The proposed method also provided satisfactory 
predictions of independent experimental results presented by Ducoulombier et al. 
(2011), Del Col et al. (2015) and Del Col et al. (2014) for the fluids CO2, 
R1234ze(E) and propane, respectively. 
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Figure 2. a) Image of the inner surface of the channel, b) 3D image of the microchannel 









Figure 3. Schematic of the pre-heater and the test section for: a) circular channels and b) 




Figure 4. Cross-sectional geometries, a) Square channel, b) Triangular channel. 
 
  




Figure 5. Comparison between experimental and estimated results for single-phase 

































Figure 6. Comparison between predictions and experimental single-phase pressure drop 

































Figure 7. Comparison between predictions and experimental single-phase pressure drop 

































Figure 8. Comparison between predictions and experimental results for the heat transfer 
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Figure 9. Effect of working fluid on the frictional pressure drop gradient. 
  






































































Figure 10. Effect of saturation temperature on the two-phase frictional pressure drop 
gradient. 
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Figure 13. Comparison of the experimental database with prediction methods of: a) 
Müller-Steinhagen and Heck (1986), b) Kim and Mudawar (2012), c) Del Col et al. 
(2013), d) Sun and Mishima (2009). 
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Figure 14. Comparison of frictional pressure drop trends according to predictive 
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Figure 15. Comparison of frictional pressure drop trends according to predictive 
methods and the experimental data for circular channels. 
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Figure 16. Comparison of the experimental database obtained in the present study and 
the new predictive method. 
 
  





































Figure 17. Parcel of data predicted within the ±20% of error band according vapor 
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Figure 18. Comparison between experimental data and estimated trends according to the 
new predictive method. 
  
























































Deq = 1.1 mm (Circular channel)
Deq = 0.977 mm (Square channel)
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0,5, 1.5, 3 
50 – 600 
0 - 1 





200 – 1400 
0 - 1 




300 – 600 
0 - 1 




200 – 800 
0 - 1 




200 – 800 
0 - 1 




200 – 800 
0 - 1 




500 – 2750 
- 
* C  Circular, S  Square, T  Triangular. 
 
 








ς [-] Ra [µm] Rt [µm] 
Circular 1.1 1.1 - 0.289 4.45 
Square 0.868 0.977 1.06 0.840 6.81 
Triangular 0.634 0.835 - 1.780 8.31 
* Mean (average) value based on three measurements 
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Circular 1.1 1.1 31, 41 400 - 1600 
0.1 – 
0.95 
8.7 - 411.4 
Square 0.868 0.977 31, 41 400 - 1600 
0.1 – 
0.95 
13.7 – 610.3 
Triangular 0.634 0.835 31, 41 400 - 1400 
0.1 – 
0.95 
12.3 – 920.5 
R1234ze(E) Circular 1.1 1.1 31, 41 100 - 600 
0.05 – 
0.95 
1.75 – 186.1 
R1234yf Circular 1.1 1.1 31, 41 100 - 400 
0.05 – 
0.95 
1.74 – 62.2 
R600a Circular 1.1 1.1 31, 41 100 - 500 
0.05 – 
0.95 











D 20 µm Deq         ■▲ < 20 µm 
Lph, Lts 1 mm x < 5% 
pin 4.5 kPa G < 2% 
Δp 150 Pa  
2
dp dz
   
■▲* < 15% 
Pph 0.8 %   2dp dz    
● < 10% 
T 0.15 °C   
m  0.1 %   
*80% of the experimental data. 
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Del Col et 
al. (2013)  
R134a Circular 253 
MAE 18.7% 36.2% 100.2% 17.7% 13.6% 41.4% 20.7% 33.0% 45.2% 18.5% 18.1% 
η 54.5% 14.6% 35.6% 77.9% 81.0% 18.2% 49.4% 17.0% 17.4% 68.8% 79.8% 
               
R134a Square 295 
MAE 10.7% 34.9% 69.7% 13.2% 16.7% 39.2% 12.1% 37.3% 40.4% 15.8% 11.0% 
η 89.2% 7.1% 35.9% 75.6% 60.3% 37.6% 82.4% 8.5% 25.1% 71.2% 87.8% 
               
R134a Triangular 365 
MAE 10.2% 23.7% 89.3% 25.6% 15.1% 33.3% 11.2% 32.4% 45.4% 18.0% 56.0% 
η 90.1% 29.9% 4.4% 41.9% 67.9% 43.8% 87.1% 18.1% 16.7% 54.8% 0.0% 
               
R1234ze(E) Circular 229 
MAE 31.9% 49.2% 30.2% 25.5% 19.0% 45.2% 27.8% 43.3% 29.7% 28.7% 14.2% 
η 8.7% 0.4% 65.5% 59.4% 44.1% 19.2% 18.8% 4.8% 59.0% 7.0% 80.8% 
               
R1234yf Circular 140 
MAE 38.5% 52.7% 29.0% 19.9% 26.1% 39.0% 28.5% 39.4% 25.7% 30.9% 22.6% 
η 0.7% 0.0% 57.9% 52.1% 25.0% 33.6% 21.4% 5.0% 54.3% 6.4% 36.4% 
               
R600a Circular 186 
MAE 28.1% 50.3% 31.6% 21.3% 20.4% 49.1% 29.5% 56.4% 20.1% 26.6% 11.3% 
η 16.7% 0.0% 41.92% 43.3% 41.4% 10.8% 21.0% 0.0% 68.8% 14.5% 94.1% 




MAE 20.1% 38.2% 65.0% 20.7% 17.5% 40.3% 19.6% 38.9% 36.8% 21.6% 23.1% 
η 53.3% 11.4% 35.5% 58.7% 57.5% 29.2% 54.4% 10.4% 35.3% 49.5% 63.8% 
*Bold numbers indicate a Mean Average Error (MAE) below 20% and more than 80% of the data predicted within the ±20% of the measurement. 
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Table 7. Stadistical parameters from the comparison between the present experimental data and the 








MAE MRE η30%  η20% 
R134a Circular 253 11.4% 4.0% 90.9% 85.0% 
    
   
R134a Square 295 11.9% -7.0% 99.0% 80.0% 
    
   
R134a Triangular 365 9.7% -5.7% 98.9% 93.7% 
    
   
R1234ze(E) Circular 229 8.0% -1.0% 97.4% 91.3% 
    
   
R1234yf Circular 140 10.7% -9.7% 97.9% 92.9% 
    
   
R600a Circular 186 9.3% -6.5% 98.9% 97.8% 
    
   
Overall 
 
1468 10.2% -4.0% 97.2% 89.2% 




Table 8. Statistical parameters from the comparison between independent databases and the predictions 
by the new method.* 
Author (s) Fluid/Diameter Geometry # Data MAE η30%  η20% 
Del Col et al. 
(2013) 
R1234yf 
Deq = 1.388 mm 
Square 42 16.1% 88.7% 64.0% 
Del Col et al. 
(2015) 
R1234ze(E) 
D = 0.96 mm 




D = 0.529 mm 
Circular 281 12.7% 89.3% 78.6% 
Del Col et al. 
(2014) 
Propano 
D = 0.96 mm 
Circular 48 7.2% 100% 95.8% 
Overall   423 12.7% 90.5% 78.5% 
*Bold numbers indicate a MAE below 20%, η30% more than 90% and η20% more than 80%. 
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